Analysis of the molecular composition and quantity of pyrolytic hydrocarbons in 41 samples from Owen Ridge and the Oman margin enabled us to identify chemical differences in the organic matter from Owen Ridge and the Oman margin. The differences may be attributed to regional variability in organic matter composition between margin and ridge, effects of kerogen formation and condensation with age, and effects of changes in the depositional environment on the Oman margin. Pyrolytic hydrocarbons from ridge sediments are relatively more enriched in heterocompounds, aromatic molecules, and «-alkanes and n-monoalkenes in the range n-C 9 to «-C 14 when compared to margin sediments. This may be indicative of input of degraded organic material on Owen Ridge and less degraded material on the Oman margin. Increases of long-chain n-alkanes and rt-monoalkenes with depth in sediments from the Oman margin are a result of the concentration of precursor moieties in the kerogen during low-temperature diagenesis. Differences in the depositional environment during deposition of sediments on the Oman margin (changes in the oxygen content of bottom waters and changing benthic activity in a variable oxygen minimum zone) appear to be mirrored in the distribution of monounsaturated isoprenoid hydrocarbons prist-1-ene and prist-2-ene and alkylbenzene.
BACKGROUND AND OBJECTIVES
We examine here chemical differences in organic matter from sediments deposited underneath the monsoonal upwelling system of the northwestern Arabian Sea by pyrolysis and pyrolysisgas-chromatography/mass spectroscopy. Our first objective was to find molecular criteria that would allow us to distinguish organic matter deposited under anaerobic conditions on the Oman margin, which are laminated, from sediments that are bioturbated and indicate aerobic bottom water conditions. Sediments from the Oman shelf and upper slope are uniquely suited to address the question of differences in organic matter preservation (e.g., Demaison and Moore, 1980; Henrichs and Reeburgh, 1987) , because sections recovered at Site 723 on the Oman continental margin appear to have been deposited under oxic and dysoxic to anoxic conditions in an oxygen minimum zone that changed intensity and/or depth range in the geological past. Analyzing the organic matter composition in sediment intervals deposited under aerobic (bioturbated facies) or anaerobic (laminated facies) conditions may thus provide insight into organic matter composition and rates of decay of compound classes as functions of aerobic and anaerobic bacterial metabolism. We can further calibrate our results using recent surface sediments, for which oxygen levels are known. A second objective was to test whether organic matter character is uniform on the shelf, i.e., underneath the most productive coastal upwelling centers, and the distal Owen Ridge, which has lower accumulation rates of organic carbon and where sedimentation may be strongly influenced by lateral transport from the Oman margin and eolian input.
Study Area
The wind-driven upwelling system of the northwestern Arabian Sea is characterized by seasonal variations in current direc-tion, upwelling intensity, and such biologically important properties of the surface waters as temperature, nutrient content, and primary productivity. Scant productivity data (Wyrtki, 1973) show that upwelling-related productivity during the summer monsoon may exceed 0.5 g C/mVday. The combination of high primary production, oxygen consumption, and a lack of advection of oxygenated waters creates a zone of greatly decreased oxygen content that ranges from approximately 150 to 1200 m water depth (Wyrtki, 1973) . While the present oxygen levels in the core of the OMZ are sufficient to support benthic activity (D. Anderson, pers. comm. 1989) , some Pleistocene and upper Pliocene sediments show laminations that suggest dysaerobic (<0.3 mL/L O 2 ; Rhoads and Morse, 1971 ) and possibly anaerobic conditions in the past.
Site 723 (18°03.079'N and 57°36.561 'E; Fig. 1 ) was drilled in water 808 m deep and recovered uppermost Pliocene to Holo- cene(?) foraminifer-bearing nannofossil oozes to calcareous clayey silts. The sedimentation rate is high throughout the section (between 130 and 240 m/m.y.) and the record of variability in eolian and biogenic input during the depositional period is very detailed . Abundance of TOC and the occurrence of laminations in intervals of latest Pliocene to early Pleistocene suggest that bottom-water oxygen contents were lower and precluded bioturbation. Eighteen samples from Hole 723 A were used; their depth ranges from 5.9 to 410 mbsf.
Site 728 (17°40.790'N and 57°49.553'E) is located in water 1430 m deep at the lower boundary of the present-day OMZ on the Oman margin (Fig. 1) . The recovered section ranges from late Miocene to Holocene in age and sediments are similar in fades than those at Site 723, even though sedimentation rates are significantly lower than at Site 723 (11-90 m/m.y.). Seven samples from this site were analyzed; their depth ranges from 21.4 to 198.8 mbsf.
Surface sediment samples were obtained from box cores retrieved during the 1987 cruise 27 of Robert Conrad (Mountain and Prell, 1989) and span the depth interval of the present-day oxygen minimum zone. Bottom-water samples overlying cores RC2714 (590 m water depth), RC2712 (788 m) and RC2723 (815 m), and RC2709 (891 m) had oxygen concentrations of 0.25 mL/L. Carbonate and TOC concentrations of these cores were between 40% and 50%, and 4% to 8%, respectively. Surface sediment from core RC2724 (1400 m) contained 64% CaCO 3 and 2.7% TOC, and bottom-water oxygen was measured at 1.0 mL/L (D. Anderson, pers. comm., 1988) .
Site 722 is located on Owen Ridge (16°37.312'N and 59°47.755'E) in water 2030 m deep (Fig. 1) . The oldest sediments are early Miocene silty claystones, but the dominant lithology is nannofossil ooze to diatomaceous nannofossil ooze with lighter and darker colored alternations on a scale of meters. Coincident with dark colors are TOC concentrations > 2% by weight, and a decrease in CaCO 3 . Sedimentation rates at Site 722 were between 17 and 54 m/m.y. We studied organic matter character and content in 11 samples spaced across two of the cyclic light-dark intervals in Cores 722A-16X (146-147 mbsf) and 722B-29X (270-271 mbsf).
METHODS
Characterization of organic matter in sediments is made difficult by the fact that condensation reactions during diagenesis lead to the formation of protokerogen and kerogen, which are difficult to study on the molecular level (e.g., Durand, 1980) . However, studies of thermally immature and mature sediments have shown that the methods of pyrolysis (in conjunction with gas chromatography/mass spectroscopy) are well suited for the study of these condensed products, which make up more than 80% of sedimentary organic matter (e.g., Durand, 1980) . The method of pyrolysis-gas chromatography/mass spectroscopy employed in this study has been used in a number of laboratories mainly in the assessment of hydrocarbon source rocks, but also for differentiating between kerogen types and organic matter characteristics. An overview of the literature on this method is given in Barker and Wang (1988) . The pyrolytic approach to compositional discrimination between degraded and undegraded organic matter has been used previously to distinguish aerobic from anaerobic conditions in black shales (Pratt et al., 1986) and in upwelling sediments (Emeis and Morse, 1990; Emeis et al., in press ).
The method used in this study is described in detail in Whelan et al. (1990) and Tarafa et al. (1987) : 10-30 mg of freezedried and ground sediment (after core splitting on JOIDES Resolution) is placed in the cooled interface of a Chemical Data Systems (CDS) Model 820 Geological Reaction System and heated at 30°C /min. from 200° to 600°C. Organic compounds desorbed and pyrolyzed during the heating process are swept out of the system in a helium stream. The stream is split three ways: one part goes directly to a flame ionization detector (FID), a second split is trapped for gas chromatography (GC), and a third part is used to characterize the molecular composition of pyrolysates with a GC-mass spectrometer. This experimental setup yields information on molecular composition in addition to the well-known hydrogen indexes (given in mg of pyrolysate/g of TOC). Calibration of GC-amenable components in the pyrolysates is achieved by direct injection of a standard mixture of known composition (toluene, xylenes, and π-alkanes from octane to octadecane). The results on compositions and amounts of individual components of pyrolysates are generally highly reproducible; precisions of ± 10% are routinely obtained on resolved capillary GC peaks.
Although catalytic effects at low TOC (below 2 wt%) influence the results of Rock-Eval pyrolysis (e.g., Katz, 1983) , we found that catalytic artifacts did not systematically alter the composition of pyrolysates in experiments with bulk sediment and extracted kerogen. A set of five samples (listed in Table 1 ) was analyzed as bulk sediment and after kerogen preparation. A plot comparing average values of yields from bulk sediment and kerogen shows that the abundances differ after extraction of kerogen, but that the overall distribution patterns are not significantly different (Fig. 2) .
Organic carbon (TOC) concentrations were obtained after combustion of acidified samples under helium in a Coulometrics CO 2 Analyzer, and pyrolysis yields were calculated as mg hydrocarbons per g of TOC, the Hydrogen Index (HI). Individual molecular compounds are reported by weight (in ng of thermally evolved compound/mg TOC in GC runs) as detected with a flame-ionization detector.
The total number of peaks (and compounds) in each gas chromatogram is beyond the number of parameters that can reasonably be monitored and compared between samples without the aid of automated data collection and reduction via computer. We selected and quantified 32 compounds in the gas chromatogram of each sample. They encompass the dominant contributors to the resolved pyrolysates (skewed toward hydrocarbons, which are the dominant compounds) and were further selected to include examples of each major compound class present in the pyrolysate (Fig. 3) . The sum of these 32 compounds is between 17% and 39% of the resolved pyrolysis yield in the samples studied here. The data matrix was used as input for multivariate data analysis (factor analysis and VARIMAX rotation) with the SYSTAT package on an Apple Macintosh.
RESULTS AND DISCUSSION
Four kerogen preparations of samples from Hole 723A and a kerogen of organic-lean marl (TOC < 0.1%) from Hole 722A were examined by fluorescent and reflected-light microscopy (D. I. O'Connor, pers. comm., 1989; Table 1 ). All samples from Site 723 had very similar kerogen characteristics, and organic matter was dominantly composed of marine macerals, i.e., amorphous and exinitic matter, which together accounted for more than 90% of the particles. Land-derived material, i.e., vitrinite, was less than 10%. Inertinitic, or residual charcoal-like material, accounted for less than 5% in the samples. The one sample of organic-lean marl from Site 722 contained very little kerogen, as is typical for deep-sea sediments deposited under oxic bottom-water conditions, and vitrinite and inertinite are relatively more abundant than in the margin samples. They constitute residual, reworked organic matter, and possibly a higher contribution by wind-blown terrigenous particles.
In the light of the dominantly marine organic matter in sediments from margin and ridge, the yield of pyrolyzable hydrocarbons per g of TOC (the hydrogen index, HI) of both margin Compound Number Figure 2 . Plot of average yields of pyrolytic hydrocarbons for five bulk samples and corresponding kerogens. Numbers on X-axis are keyed to compounds from Table 3 . Note that the abundances may change due to the chemical preparation of kerogens, but that the compositional patterns are the and ridge samples was thus expected to follow the line of marine type II organic matter (Espitalié et al., 1977) . Figure 4 is a representation of oxygen and hydrogen indexes of the samples from Oman margin Sites 722, 723, and 728 studied onboard the JOIDES Resolution . The oxygen and hydrogen indexes of samples from Sites 723 and 728 plot between the evolution path of marine type II and terrestrial type III organic matter. The shift toward more oxygen-rich type III may be attributable to the presence of oxygen-rich organic matter and possibly to thermal decomposition of carbonate minerals in these immature and carbonate-rich sediments. Even though we cannot rule out that mineral matrix effects, e.g., contribution of CO 2 from pyrolytic carbonate decarboxylation, contribute to the elevated OI of the samples from the Owen Ridge, we take the significantly higher OI in these samples as an indication of different composition of organic matter. For this we have two reasons: the sediments of the Oman margin (Site 723) contain roughly the same amount and compositional assemblage of siliciclastic material as does the Owen Ridge sediment, and CaCO 3 concentrations in excess of 50% on the margin vs. 60%-70% on Owen Ridge cannot explain the significant differences in pyrolytic CO 2 yield from mineral decomposition.
Molecular Composition of Pyrolysates
If different depositional conditions indeed influence the preservation of labile components of organic matter, as was proposed by Demaison and Moore (1980) , we would expect to find a difference in the character and amounts of compounds that are released from sediments of different facies during pyrolysis. We should thus be able to identify indicators for preservation and different sources of organic matter in the pyrolysate. Figure 3 shows a typical example of a reconstructed ion chromatogram of the total pyrolysate of Sample 723A-1H-4, 145-150 cm (5.9 mbsf), obtained from gas-chromatography/mass spectrometry of pyrolysis products. Comparison of mass spectra of each peak with library spectra and with spectra of standards enables us to determine the molecular nature of these peaks. Once identified, the abundance of selected molecules (numbers keyed to Table 2 ) can be quantified on GC traces of all samples.
One prominent feature of the pyrolytic hydrocarbon fraction of all samples studied are the doublets of alkanes and alk-1-enes that extend from carbon chains of 8 carbon atoms to well beyond 20 carbon atoms. In every type II kerogen, these straightchain alkyl molecules appear to be important contributors to the pyrolysis products. Although their origin is not clear, they are thought to have a significant lipid contribution and to be precursor molecules in kerogen that yield hydrocarbons in petroleum during catagenesis (e.g., van de Meent et al., 1980) . Nip et al. (1986) proposed that the precursors of alkane-alkene doublets are nonsaponifyable, highly resistant biopolymers that are very stable under any depositional conditions. They are believed to be highly aliphatic macromolecules with long polyalkyl (polymethylene) chains as major structural elements (Tegelaar et al., 1989) . In addition to the normal alkanes and alkenes, we recognize substantial contributions of branched, aromatic, cyclic, and heterocompounds (containing O, N, and S) in the pyrolysates. Polyunsaturated alkyl hydrocarbons were not observed in the pyrolysates.
Statistical Evaluation of Molecular Character
The data matrix of 32 parameters from 41 samples was treated by statistical factor analysis (Table 3) . We thus singled out those parameters that contribute most to the variance in the data and were able to compute factors (composites of parameters) that enable us to discriminate between samples (Howarth Table 3 was performed by gas chromatography. and Sinding-Larsen, 1983) . A similar approach has been used with good success by Oygard et al. (1988) on pyrolysates of kerogen samples from wells on the continental shelf of Norway. The result of the first step, the evaluation of parameters for their contribution to the variance in the entire data set, revealed that three factors contribute 80% to the variance, with factor 1 the most dominant contributor (43% of variance after rotation). Factor 1 is predominantly loaded with contributions from aromatic and heteromolecules (naphthalenes, thiophenes), and from short-chain hydrocarbons (9-15 carbon atoms). Factor 2 (25% of the variance) is dominated by straight-chain saturated and monounsaturated hydrocarbons (16-18 carbon atoms) and isoprenoids pristane and phytane. Factor 3 (11% of the variance) is dominated by alkylbenzene, and monounsaturated isoprenoids prist-1-ene and prist-2-ene (Table 2) . If we plot the scores of all samples on factors 1 and 2, we achieve a separation of samples from the Owen Ridge (Site 722) and samples from the margin (Fig. 5, top) . The separation between samples from the margin and the ridge is mainly based on scores of samples on factor 1 (dominated by short hydrocarbon chains, heterocompounds, and aromatic molecules). Pyrolysates of sediments from the ridge is thus richer in these molecules per g of TOC than kerogen on the margin. On the other hand, samples from surface cores have the most negative scores on factor 1, which means that short-chain, aromatic, and heterocompounds are least abundant in organic matter from surface sediments on the Oman margin. Factor 2 (the amount of saturated and monounsaturated alkyl chains [16-18 carbon atoms] and isoprenoids pristane and phytane normalized to TOC) has no obvious correlation with the depositional environment on margin or ridge (Fig. 5, top) , because scores on factor 2 are evenly distributed over margin and ridge samples alike. The scores of surface sediments on this factor are in the lower range of all samples, but overlap with those of all other samples. We consider this as an indication that the concentrations of the compounds that compose factor 2 is independent of organic matter quality and amount, as well as of depositional environment.
From the clusters of samples in Figure 5 (bottom), which plots cores of factor 1 against factor 3, it appears that samples from Sites 723 and 728 contain relatively more alkylbenzene and long-chain isoprenoid hydrocarbons (prist-1-ene and prist-2-ene; Figure 5 . Plot of factor scores of samples on factors 1 and 2 (top) and factors 1 and 3 (bottom) extracted from the data matrix of 41 samples from Oman margin sediments. Note the separation of samples from Site 722. Factor 1 is dominated by concentrations of aromatic and heterocompounds (naphthalenes, thiophenes) and short-chain alkyl molecules (C 10 to C 15 ), while factor 2 is dominated by straight-chain and branched alkanes and olefins of 16-20 carbon atoms. Factor 3 has highest contributions from alkylbenzene and unsaturated branched alkanes (prist-1-ene, prist-2-ene) (compare Table 3 ).
factor 3) in their pyrolysates than either samples from the Owen Ridge (Site 722) and the surface sediments samples from the Oman margin. The amount of organic carbon has no influence on this relationship, but it is of note that highest scores on factor 3 occur in sediments of Site 723 in which laminations and opaline microfossils are preserved.
To distinguish any effect of burial diagenesis and variable depositional conditions through time on the moieties that compose factors 1 to 3, we plotted depth profiles of factor scores (Fig. 6) for the sediments from margin Sites 723, 728, and surface sediments. In addition, we plotted the sum of the quantified hydrocarbons (in mg/g TOC), which is a "defined" hydrogen index (Fig. 6A) . To discern any effect of bottom-water oxygenation (indicated by the presence of laminations) on the composition of pyrolysates in samples from Site 723, we marked the depth range of the organic-rich and partly laminated interval deposited around the Pliocene/Pleistocene boundary at that site.
No consistent changes with depth are discernable in scores on factor 1, the factor representing pyrolysates relatively enriched in aromatic and heterocompounds that we interpret to be indicative of degraded organic matter. Surface sediments have low scores on this factor (Fig. 6B) , and variability in all margin sediments is rather low. Factor 2, however, which combines long-chain hydrocarbons, shows an increase with depth from surface sediments to the deeper samples of Site 723. We take the increase of factor 2 with depth to indicate that the concentration of those kerogen moieties which yield long-chain n-alkyl pyrolysate are preferentially enriched in the organic matter with depth in the sediment (and thus with time; Fig. 6C ). This relation holds for sediments from surface sediments and both Sites 723 and 728, and is in keeping with the hypothesis of a preferential preservation of a highly resistant, aliphatic, macromolecular precursor substance (algaenan; Tegelaar et al., 1989) in sedimentary organic matter that undergoes continuous biodegradation during anaerobic diagenesis.
A pronounced increase of scores on factor 3 and of the sum of quantified hydrocarbons shown in Figure 6A is obvious in sediments from the sediment interval containing laminations at Site 723 (Fig. 6C) . Kerogen moieties that yield prist-enes and methylbenzene upon pyrolysis are thus significantly enriched in the sediments deposited under conditions of impeded benthic activity. Van de Meent et al. (1980) believe that chlorophyll is the biological source of the sedimentary precursor substance that yields isoprenoid hydrocarbons prist-1-ene and prist-2-ene upon pyrolysis. According to the results of Goossens et al. (1984) , other likely precursor substances are tocopherols. With the data at hand, we can draw the conclusion that the precursor substance of prist-enes and alkylbenzene is preferentially preserved in sediments that were deposited under low oxygen or even anoxic conditions at the sediment-water interface, without being able to decide the origin of these abundant pyrolysis products.
CONCLUSIONS
1. The main variability in this dataset is the difference between pyrolysates from sediments underneath upwelling cells and those that were deposited several hundreds of miles offshore on Owen Ridge. The latter contain more heterocompounds, and alkane/alkene doublets in the range from C 9 to C 14 . In light of the predominance of marine organic matter at all locations studied, we suggest that the observed differences, notably the abundance of aromatic molecules and heterocompounds, are related to the degree of reworking prior to deposition.
2. Individual molecular building blocks of kerogen or humus are preferentially enriched during diagenesis in our samples. The amount of long-chain alkane/alkene doublets (range from C 16 to C 18 ) relative to TOC increases with depth at the Oman Margin sites.
3. If we use the macroscopic facies differences of bioturbation vs. lamination as a guideline for determining past extents and intensities of the oxygen minimum zone on the Oman shelf, our attempt to chemically distinguish sediments from anaerobic and aerobic depositional conditions was successful, if somewhat ambiguous. Specific groups of pyrolyzable compounds, namely those that yield monounsaturated isoprenoid hydrocarbons prist-1-ene and prist-2-ene and alkylbenzene appear to be enriched in samples with high HI, and may be indicative of molecular differences in sedimentary organic matter from the two types of environments.
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